As resoluções cinéticas de (±)-β-azidofeniletanóis foram realizadas usando a lipase de Candida antarctica fornecendo os compostos enantiomericamente enriquecidos, (R)-β-azidofeniletanóis e acetato de (S)-β-azidofeniletila em bons excessos enantioméricos (até > 99%). Os (R)-β-azidofeniletanóis enantiomericamente enriquecidos foram submetidos à reação de ciclização com o triflato de 2-(trimetilsilil)fenila e CsF resultando em 1,2,3-benzotriazóis em bons rendimentos (75-86%) pela reação de cicloadição [3 + 2], a qual envolve a formação in situ de benzino.
Introduction
The chemistry of azides has been reviewed several times, some of these overviews focus only on one subclass of azides. 1 The synthesis of α-azidoketones can be commonly achieved by azide-halogen exchange reactions of α-haloketones. 2 These compounds are precursors of β-azidoalcohols known as synthons of molecules such as agrochemicals, fragrances, drugs, among others. 3, 4 Lipases have been used for the optical resolution of several highly functionalized chiral molecules, such as β-azidoalcohols, amino acids and hydroxy acids. [5] [6] [7] The use of these enzymes is advantageous in several respects, particularly to simplify the separation of the product, and avoid undesired product formation. Chiral β-azidoalcohols are also immediate precursors of chiral aziridines and amino alcohols. 4 There has been growing interest in chiral aziridines due to the increasing importance of functionalized aziridines in organic synthesis and their presence in bioactive molecules, e.g., radiation sensitizers and enzyme inhibitors. 8 Another example, chiral 1,2-aminoalcohols are very important substances, as illustrated by the biologically active natural product ephedrine and the pharmacologically active bronchodilators, such as salmeterol and albuterol. 5 Chiral β-azidoalcohols have been reported for the synthesis of different triazoles. 9 With the advent of click chemistry, specifically the use of Cu(I)-catalyzed or benzyne precursor by a 1,3-dipolar cycloaddition reaction with derivative azides, yielding the 1,2,3-triazoles subunit that has become a significant component of various small molecules and macromolecular systems, ranging from therapeutics, self-assembling systems and polymers to proton exchange membranes. 10, 11 In addition, triazole compounds constitute promising therapeutic agents for the treatment of fungal infections, for which there is not effective therapy. It has been reported that triazole derivatives exhibit higher antifungal and antibacterial properties. 12 Triazole compounds containing three nitrogen atoms in the five-membered aromatic azole ring are readily able to bind with a variety of enzymes and receptors in biological system via diverse non-covalent interactions, and thus display versatile biological activities. 13 The chemoenzymatic kinetic resolution of a set of aromatic and aliphatic alcohols by immobilized Candida antarctica lipase (CALB) in organic media was recently investigated. These resolutions have shown the dependence between the structure of the substrate and the enantioselectivity of enzymatic transesterification according to the empirical Kazlauskas rule. [14] [15] [16] [17] In this work, we studied the kinetic resolutions of (±)-β-azidophenylethanols to the production of enantiomerically enriched (R)-β-azidophenylethanols, and their corresponding (S)-β-azidophenylethyl acetates using lipase from CALB in organic medium. In addition, the enantiomerically enriched (R)-β-azidophenylethanol products were subjected to the cyclization reaction with 2-(trimethylsilyl)phenyl triflate and cesium fluoride in order to produce chiral 1,2,3-benzotriazole compounds by a [3 + 2] cycloaddition via benzyne formation and organic azides.
Results and Discussion
α-Haloacetophenones 1-5 were transformed into their α-azidophenylketones 6-10 by treatment with NaN 3 in acetone. In addition, the compounds 6-10 were reduced using sodium borohydride in methanol to yield (±)-β-azidophenylethanols 11-15. All carried out reactions led to the desired products in good yields (Scheme 1). Products 11-15 were characterized by spectroscopic data which are in agreement with those reported in the literature. 6, 7, [18] [19] [20] The (±)-β-azidophenylethanols 11-15 were previously acetylated using acetic anhydride and pyridine, yielding the (±)-β-azidophenyl acetates 16-20, which were used as standards by chromatographic analysis on chiral column.
The enzymatic resolutions of the (±)-β-azidophenylethanols 11-15 were performed using immobilized CALB, vinyl acetate as the acyl donor and hexane as solvent in an orbital shaker. The results are shown in Table 1 . The development of the reactions was followed by TLC (thin layer chromatography) analysis and aliquots were collected between 5 and 10 days of incubation to conclusion of the reaction. Next, aliquots were analyzed by HPLC (high performance liquid chromatography) using chiral phase column to determine conversion of β-azidophenyl acetates and enantiomeric excess.
In these conditions, the R-alcohols 11-15 and S-acetates 16-20 were obtained with excellent selectivity (E > 200). The β-azidoalcohols 11, 12 and 14, and their respective acetates 16, 17 and 19, were obtained in excellent yields and high enantiomeric excesses (> 99% ee). While for the β-azidoalcohol 13 remaining in reaction for a period of 10 days, no complete resolution was observed (Table 1) . No complete resolution was observed for the nitroazidoalcohol 15, possibly owing to the nitro electron-withdrawing group hindering the interaction of the substrate with the active site of CALB. 21 The attribution of the absolute configuration of the alcohols 11-14 was assigned as R configuration by comparison with optical rotation value described in the literature. 6, 7, 19 Consequently, it was possible to suggest that the immobilized CALB has stereochemical preference for S-alcohol esterification. Kazlauskas rule predicts this esterification preference. 22, 23 The (R)-β-azidophenylethanols 11-15 were subjected to cyclization reaction with 2-(trimethylsilyl)phenyl triflate and CsF in acetonitrile at room temperature, producing chiral 1,2,3-benzotriazole 21-25 in good yields (75-86%) by a [3 + 2] cycloaddition, which involves the benzyne formation (Scheme 2). [24] [25] [26] [27] The [3 + 2] cycloaddition involving chiral azides and arynes, as shown in Scheme 2, may be considered a versatile extension of the click chemistry, providing rapid access to chiral benzotriazoles, which are known to possess important biological properties, such as: antimicrobial activity, anti-inflammatory activity, analgesic activity and anticancer activity. 
Experimental

General methods
Reagents (vinyl acetate, α-halobenzophenones 1-5, anhydride acetic, pyridine, cesium fluoride and 2-(trimethylsilyl)phenyl trifluoromethanesulfonate) and solvents (ethyl acetate (EtOAc), hexane, methanol, isopropanol and acetonitrile) were purchased from Sigma-Aldrich (USA) and Synth (Brazil), respectively. Acetonitrile was distilled from calcium hydride under a nitrogen atmosphere prior to use. Purification of the reaction products was carried out by column chromatography (CC) over silica gel (230-400 mesh) eluted with mixtures of n-hexane and EtOAc (9:1, 8:2, 7:3). The reactions were monitored by TLC using aluminum plates precoated with silica gel 60 F254, eluted with hexane and EtOAc, and visualized by spraying with phosphomolybdic acid or p-anisaldehyde staining solutions followed by heating. Novozyme 435 ® , immobilized lipase from Candida antarctica, was provided by NovoNordisk (Araucária, Paraná, Brazil). C at 400 and 100 MHz, respectively). The spectra were taken in deuterated chloroform (CDCl 3 ) or dimethylsulfoxide (DMSO-d 6 ) and the chemical shifts The azidoacetophenones 6-10 were obtained from the commercial α-bromoacetophenones 1-5, respectively, using NaN 3 in acetone. 29 These compounds were subsequently reduced with NaBH 4 providing the (±)-azidophenylethanols 11-15. 30 The products were purified by CC over silica gel eluted with n-hexane/EtOAc (8:2) and obtained in good yields (Scheme 1). The (±)-β-azidophenylethyl acetates 16-20 were obtained by acetylation of their corresponding (±)-β-azidophenylethanols 11-15 using acetic anhydride in pyridine. 15 Products 11-15 were characterized by spectroscopic data which are in agreement with those reported in the literature. 6, 7, [18] [19] [20] Kinetic resolution of (±)-azidophenylethanols 11-15 by immobilized CALB HPLC grade hexane (10 mL), vinyl acetate (1 mL), immobilized CALB (100 mg, 10,000 propyl laurate units per g) and the appropriate (±)- azidophenylethanols  11-15 (1.20, 1.0, 0.8, 1 .0, 0.9 mmol, respectively) were added to 50 mL Erlenmeyer flasks. These flasks were sealed using a rubber stopper, and the reaction mixture was stirred in orbital shaker at 32 °C and 130 rpm. The reaction progress was monitored by collecting samples (1.0 mL) according to the time indicated in Table 1 , which were analyzed by liquid chromatography with chiral stationary phase. After the reaction proceeds to completion, the immobilized lipase was filtered off. The filtrate was evaporated under reduced pressure. The residue was purified by column chromatography on silica gel using hexane/EtOAc (8:2) as eluent yielding the alcohols 11-15 and acetates 16-20. The attributions of the absolute configuration of the alcohols 11-14 and acetates 16-19 were assigned and compared with the literature values (Table 2) . 6, 7, 19 Preparation of chiral triazole compounds 21-25 by click chemistry reaction
The (R)-β-azidophenylethanols 11-15 (1.0 mmol), 2-(trimethylsilyl)phenyl triflate (1.5 mmol, 0.45 g), acetonitrile (5 mL) and CsF (3.0 mmol, 0.46 g) were added to a vial (10 mL). The vial was sealed using a cap, and the reaction mixture was stirred for 18-24 h at room temperature. Afterward, a solution of 10% NaHCO 3 (5 mL) was added to the mixture, which was extracted with EtOAc (3 × 10 mL). The organic phase was dried over MgSO 4 . After filtration, the solvent was evaporated under reduced pressure. The residue was purified by CC on silica gel, using a mixture of hexane/EtOAc (7:3) as eluent, yielding the desired products 21-25. The structures of compounds 21-25 were assigned on the basis of a variety of spectroscopic techniques, namely, according to their IR, and 
